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Description 

BACKGROUND OF THE INVgNTIQIM 

1. Reldofthe Invention 

[0001] The present invention pertains to a method of 
producing a piezoeiectric de/ice used in Ink jet record- 
ing heads. et&. and in particularly, to a method of pro- 
ducing a piezoelectric de/ice. etc., by means of which 
crystallization of the entire layer-txiitt structure can be 
performed all at once and productivity thereby raised, 
and Ite products. 

2. Description of the Related Art 

[0002] Piezoeiectric devices are elements with electric 
equipment conversion capability and are made by sand- 
wiching a piezoelectric ceramic such as crystalline lead 
zirconato titanate (PZT), etc., between electrodes. In 
order to produce this piezoelectric 6&\Acb, a diaphragm 
layer, bottom electrode layer, piezoelectric thin film 
layer, and a top electrode layer are formed in succes- 
sion on a substrata By means of methods of producing 
piezoelectric devices in general, a different method is 
used to produce each layer because the composition of 
each layer Is different. For instance, the diaphragm is 
formed by the thermal oxidation method, while the elec- 
trode layers are formed by sputtering, etc. Moreover, the 
so-called sol-gel method is used to produce the piezoe- 
lectric thin film layer. By means of the sol gel method, a 
sol, or the organic metal precursor, is applied, the sol Is 
dried and pyrolyzed. and finally, the product is heat 
treated at a high speed and thereby crystallized. 
[0003] Methods of producing thin films in general are 
further discussed in. for instance, Phillips J. Res. 
47f93). pp. 263-285, etc. 

[0004] Nevertheless, by means of conventional meth- 
ods of producing piezoelectric devices, the thin film of 
one layer is completed and then the film of the next layer 
is formed and therefore, there is a problem in that the 
structure of each layer is completely crystallized and 
adhesion between the layers is weak. When adhesion 
b tween the layers is poor, peeling occurs during the 
production process, leading to poor yield, and peeling 
occurs during use. resulting in poor reliability. Therefore, 
there is a demand for a method of production that 
results in strong adhesion. 

[0005] Moreover, since each layer is as it is being 
crystallized, there are inevitably many processes 
needed to complete the piezoelectric structure. 
Because there are many processes, there Is naturally 
an increase in the production cost. Therefore, there is a 
demand for a production method with few processes. 

SUMMARY OF THE INVEMTION 

[0006] Thereupon, a method whereby a piezoelectric 



device of a piezoeiectric ceramic that has been applied 
to a siissti'ate and pyrolyzed is placed in a specific alkali 
solution and crystallized Is recorded in "Application f 
Hydrotiiermal Mechanism for Tailor-Making PerovsWte 

5 Trtanate Films." IEEE Pr c. of th 9th Int'l Symp. on 
Electrets. Shanghai, China, Sept. 25-30. pp. 617-622 
(1996). W-ping Xu. Masanori Okuyama. et al. This 
method of crystallization in an alkali solution Is called 
the hydrothermal method. When compared to the sol- 

10 g^ method, crystallization at a relatively low tempera- 
ture is posstole by means of this hydrothermal method 
and therefore, tiiere are a numi^er of advantages to this 
method. The inventors of the present invention hit ipon 
tile idea that a ptezoelectiic device with a multi-layered 

IS structure could be crystallized all at once by using this 
hydrothermal method and successfully completed 
experiments witii this production metiiod confirming tills 
point. 

[0007] In light of tiie aforementioned facts, the first 
20 prdalem of tiie present invention is to present a func- 
tional tiiin film with high adhesion between layers and 
high reliability, a piezoelectric device, an ink jet record- 
ing head and a printer. 

[0008] The second problem of the present invention is 

25 to present a method of producing a piezoelectric device 
and a method of producing an ink jet recording head, 
Ijoth of which have fewer production processes than 
conventional production methods and therefore have a 
lower production cost 

30 [0009] The invention that solves tiie aforementioned 
first problem is a functional tiiin film, characterized In 
that a mixed layer where the components of thin film lay- 
ers made of different components are mixed together is 
formed between the respective thin film layers. This film 

35 is not only "functional thin film," but also film that is used 
for any purpose for which many thin films are used. 
There is a region of a spectfk; thickness where the com- 
ponents of two layers are mixed at the interface 
between the respective layers of tfie tWn film structure. 

40 [0010] Anotiier invention that solves tiie aforemen- 
tioned first problem is a piezoelectric device, character- 
ized in that it comprises at least 1 piezoelectric tiiin film 
layer and 2 elect-ode layers, and a mixed layer that is a 
mixture of the components of adjacent layers is formed 

45 between the respective layers. The crystals of the two 
layers are intricately intertwined in the mixed layer and 
therefore, adhesion between the layers is high. 
[0011] Still another invention that solves the afore- 
mentioned first problem is a piezoelectric dance that 

so furtiier comprises at least 1 diaphragm layer, with a 
mixed layer that is a mixture of the components of tiie 
aforementioned diaphragm layer and the adjacent elec- 
ti-ode layer formed in between the respective layers. 
[001 2] Thickness of the aforementioned mixed layers 

55 is, for instance, 5 nm or thicker. By means of conven- 
tional production methods, tiiickness of tiie part where 
tiie compositions are mixed was less than 3 nm and 
therefor . adhesion between layers is improved by tii 
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presence of this thick mixed layer. 
[001 3] For instance, the metal alkoxide that comprises 
the ptez electric thin film lay rs is any piezoelectric 
ceramic selected from I ad zirconate trtanat (Pb(Zr» 
Ti)03: PZT). lead lanthanum titanate ((Pb, LajriOa). s 
lead lanthanum zirconate ((Pb, La)Zr03), lead lantha- 
num zirconate titanate ((Pb, La)(Zr, TtjOs: P1.ZT), or 
lead magnesium niobate zirconate titanate (Pb(Mg. 
Nb){Zr. TOOa: PIVIN-P2T). 

[0014] For instance, the piezoelectric des^ice of the io 
present invention has 2 or more piezoelectric thin film 
layers and 3 or more electrode layers and is made by 
sandwiching at least one of the piezoelectric thin films 
between electrode layers. This type of structure is gen- 
erally called a bimorph. is 
[0015] Still another Invention that solves the afore- 
mentioned first problem is an Inkjet recording head with 
the piezoelectric device of the present invention as the 
piezoelectric actuator. For instance, it has 

20 

a) a pressure chamber substrate that forms the 
pressure chamber. 

b) a diaphragm on one side of the pressure cham- 
ber, and 

c) a piezoelectric device that is placed lacing the 2S 
diaphragm in the pressure chamber and is made so 
that it deforms the aforementioned diaphragm. 

[0016] Another invention of the present application 
that solves the aforementioned first problem is a printer so 
that has the Inkjet recording head of the present inven- 
tion as a printing means. For instance, it has 

a) a recording medium conveyor that is made so 
that it is possible to feed in and carry out the record- 3S 
tng medium and 

b) a head control circuit by means of which the ink 
jet recording bead prints at any desired position on 
the recording medium that has been fed by the 
recording medium conveyor. 40 

[0017] Still another invention that solves the afore- 
mentioned second problem is a method of producing a 
piezoelectric device with at least one piezoelectric thin 
film layer and at least 2 electrode layers, characterized 4s 
in that it comprises 

a) the process whereby amorphous piezoelectric 
thin film layers, which are the amorphous state of 
each of the piezoelectric thin film layers, are so 
formed, 

b) the process whereby amorphous electrode lay- 
ers, which are the amorphous state of each of the 
electrode layers, are formed, and 

c) tiie process whereby after each amorphous pie- ss 
zoeiectiric thin film layer and each amorphous elec- 
trod layer hav been laminated, hydrothermal 
synthesis is performed to crystailiz the amorphous 



piezoelectric thin film lay rs and th amorphous 
electrtxie layers. 

[0018] Moreover, anoth r invention that solves th 
abovementoned second problem is a method of produc- 
ing a piezoelectric device tinat further conprises at least 
one diaphragm. This method further comprises the 
process whereby an amorphous diaphragm, which is 
ttie amorphous state of the diaphragm layer, is formed 
and whereby once the amorphous diaphragm layer, as 
well as each of tine amorphous piezoelectric thin film 
layers and each of the amorphous electrode layers, 
have been laminated, the aforementioned amorphous 
diaphragm, amorphous piezoelectric thin film layers, 
and amorphous electrode layers are crystallized by 
hydrothermal synthesis in the process of hydrothermal 
synthesis. 

[0019] For instance, the aforementioned process of 
forming the amorphous piezoelectric thin film layer com- 
prises the process whereby precursor made from an 
organic metal solution is applied by the sol-get method, 
the MOD (metal-organic deposition) method, or tiie 
copreclpltation metiiod and the process whereby sakl 
precursor is dried and pyrolyzed. 
[P020] For example, by means of the process whereby 
the aforementioned precursor is dried and pyrolyzed. 
the precursor is dried at ISO^'C to 200^*0 and the dried 
precursor is pyrolyzed at SOC'C to SOCC. 
(0021 ] By means of the aforementioned hydrothermal 
synthesis process, for instance, the pyrolyzed precursor 
is immersed in a specific alkaline solution and crystalli- 
zation is promoted under specific conditions. 
[0022] The aforementioned alkaline solution here 
comprises any of KOH. Ba{0H)2, Ba(OH)2 + Pb{0H)2 
or KOH + Pb(0H)2, 

[0023] The aforementioned specific conditions of tiie 
hydrothermal process are for instance, a temperature of 
lOO'^C to 200^0 and pressure of 10 atmospheres or 
less. 

[0024] By means of the present invention, a structure 
is made whereby amorphous piezoelectric thin film lay- 
ers are sandwiched by amorphous electrode layers by 
repeating the process whereby tiie aforementioned pie- 
zoelectric tiiin film layers are fomied at least 2 times or 
more and repeating the process whereby the aforemen- 
tioned amorphous etecti-ode layers are formed at least 3 
times or more. 

[0025] Moreover, yet another invention that solves the 
aforementioned second problem is a metiiod of produc- 
ing an Inkjet recording head comprising the piezoelec- 
tric device made by the production method of ttie 
present invention, and is a method of producing an Ink 
jet recording head comprising 

a) tiie process whereby a diaphragm is formed on 
one surface of a substrate, 

b) the process whereby a pi z electric device is 
made on the diaphragm, and 
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c) the proc^ whereby th substrate is etched and 
a pressure chamber is formed s that the dia- 
phragm with the piez iectric devic will form one 
Sid of the pressure chamber. 

BRIEF DESCRIPTION OF THE DRAWHMQ5 

[P026] 

Fig. 1 is a cross section that describes the layer 
structure of the piezoelectric device of the first 
emkxxfiment 

Fig. 2 is a aoss section of the production process 
that describes the method of producing a piezoe- 
lectric device of the present invention. 
Rg. 3 Is a cross section of the production process 
that describes the method of producing an ink jet 
recording head of the present invention. 
Rg. 4 is a cross section that describes the layer 
structure of the piezoelectric device of the second 
embodiment 

Fig. 5 is an oblique view describing that structure of 
the printer of the present invention. 
Fig. 6 is a partial oblique cross section of the ink jet 
recording head of the present invention. 

DESCRIPTION OF THE PREFERRED EMBQDi. 

[0027] Next, embodiments of the present invention will 
be described while referring to figures. The present 
mbodiment describes the layer structure of a piezoe- 
lectric device as a functional thin film. It pertains to a 
piezoelectric device that was produced by the hydro- 
thermal method, and an ink jet recording head and 
printer that use this element. 

(Rrst embodiment) 

[0028] Rrst, the structure of a printer that uses an ink 
jet recording head with the piezoelectric device of the 
present invention will be described. AS shown in Fig. 5. 
the printer of this embodiment has tray 3, paper outlet 4, 
and operating button 9 in body 2 so that it can function 
as a line printer. Inkjet recording head 1. feed mecha- 
nism 6, and control circuit 8 further comprise the inside 
f body 2. 

[0029] Ink jet recording head 1 comprises the piezoe- 
lectric device made by the method of the present inven- 
tion. This head 1 is a head for tine printers in particular 
and is formed at a length that will cover the width of the 
paper that can be fed. That is, this head is formed to a 
size (length} not possible with conventional printers by 
using the production method of the present invention, 
ink jet recording head 1 is made so that ink is sprayed 
from a nozzle that is set at the width of the paper that 
will b used in acc rdanc with spray signals Sh that 
ar fed from control circuit 8. 



[0030] Body 2 Is the receptaci for head 1. Feed 
mechanism 6 is placed s that it can feed paper 5 from 
tray 3 and ink j t recording head 1 for line print rs is 
placed so that it can print over th entire width of paper 
5 5. Tray 3 is made so that paper 5 can be fed to f ed 
mechanism 6 before printing and paper outlet 4 is the 
opening from which paper 5 that has be^ printed is 
retrieved. 

[0031] Feed mechanism 6 comprises motor 600. roll- 
10 ers 601 and 602 and a mechanical structure not shown. 
Motor 600 is made so that it can turn in response to the 
drive signals Sd fed from control circuit 8. The mechan- 
ical structure is made so that the turning force of nrtotor 
600 can be transmitted to rollers 601 and 602. Rollers 
IS 601 and 602 turn when the turning force from motor 600 
is transmitted and paper 5 mounted in tray 3 is thereby 
pulled by this turning and fed so that it can be printed 
with head 1. 

[P032] Although not shown, control circuit 8 comprises 
20 a CPU. ROM, RAM. interfece circuit, etc., and is such 
that drive signals Sd can be fed to drive mechanism 6 
and spray signals Sh can be fed to ink jet recording 
head 1 in response to printing data obtained from a 
computer via a connector, which is not shown, Moreo- 
2S ver, control circuit 8 is such that the drive mode can be 
set and reset, etc.. in response to the operating signals 
from operating panel 9. 

[0033] Next, the structure of the ink jet recording head 
of the present invention wit! be described. Inkjet record- 

30 ing head 1 comprises nozzle 10. pressure chamber 
substrate 20. and diaphragm 30, as shown in the 
oblique and partial cross section diagram of the main 
part in Fig. 6. This head is an on<femand piezoelectric 
jet head. However, the head of the present invention is 

3$ not limited to an on-demand head and it can also be a 
continuous printer head with which ink is continually 
sprayed and deposition of the ink is controlled by a 
deflecting electrode, or it can be a bubble head with 
which ink is sprayed by air bubbles. 

40 [0034] Pressure chamber substrate 20 comprises 
cavity {pressure chamber) 21, side (wall) 22, reservoir 
23. and feed opening 24. Cavity 21 is the cavity for the 
ink that will be sprayed, etc., and is formed by etching a 
substrate made of silicon, etc. Wall 22 is made so that it 

4S divkles cavity 21 in two. Reservoir 23 is the flow path for 
filling ink in each cavity 21. Feed opening 24 is formed 
so that rt is possible to introduce ink from reservoir 23 
into each cavity 21. 

[0035] Furthermore, the shape of cavity 21 . etc., can 
so be changed in accordance with the ink jet system. For 
instance, it can be a flat Kyser shape or a cylindrical Zol- 
tan shape. Moreover, the cavities can be 1 -chamber or 
2-chamber cavities. 

[0036] Nozzle plate 1 0 is glued to one side of pressure 
55 chamber substrate 20 so that its nozzle hole 1 1 con^e- 
sponds to each cavity 21 in pressure chamber substrate 
20. Pressure chamber substrat 20 to which nozzi 
plate 10 has b en glued is further h Id in a receptacle 
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that is not illustrated to oompiete ink jet recording head 
1. 

[0037] Diaphragm 30 is glued to the other Sid of pres- 
sure cumber substrate 20. Piezoelectric device 40 is 
placed at this diaphragm 30. Ink tank opening 31 is 
placed at this diaphragm so that the ink held in the ink 
tank, which is not illustrated, can be fed to inside pres- 
sure chamber sut)strate 20. 

[0038] Rg. 1 shows a cross section that further 
explains the actual structure of the ink jet recording 
head and piezoelectric device of the present invention. 
This cross section is an enlarged view of the cross sec- 
tion of one of the piezoelectric devices in the layered 
structure as seen from A*A In Fig. 6. As shown in the top 
of Rg. 1 , diaphragm 30 Is made by building diaphragm 
layer 41 and bottom electrode layer 42, and piezoelec- 
tric device 40 is made by layering piezoelectric thin film 
layer 43 and top electrode layer 44. in particular, this ink 
jet recording head 1 is made with piezoelectric device 
40» cavity 21 and nozzle 1 1 communicating at a con- 
stant pitch so that the entire width of the paper to be 
printed can be covered. This pitch to the nozzle can be 
changed as needed in accordance with the desired 
printing precision. For instance, it is set to obtain 400 
dpi. 

[0039] Diaphragm layer 41 is made from a material 
that is not conductive, such as silicon dioxide (SiOg) and 
zirconium oxkie (ZrOa). etc.» and is made so that it can 
deform when voltage is applied to the piezoelectric layer 
and theret>y instantly inaease the pressure inside cav- 
ity 21 . It must be made from a material that can be crys- 
tallized by hydrothemnal synthesis if the diaphragm layer 
is to be crystallized by hydrothermal synthesis. 
[0040] Bottom electrode layer 42 is one electrode for 
applying voltage to the piezoelectric layer and it is made 
from a material tfiat is conductive, such as tin oxide 
(SnO) or vanadium oxkie {VO2). etc. A material that can 
be crystallized by hydrothermal synthesis is particularly 
necessary. Bottom electrode layer 42 is formed in the 
same region as diaphragm layer 41 so that it can serve 
as a common electrode to several piezoelectric devices 
40 formed on pressure chamber substrate 20. However, 
it can also be formed to the same size as piezoelectric 
thin film layer 43,. that is. to the same shape as top elec- 
trode 44. Top electrode layer 44 is the other electrode 
for applying voltage to the piezoelectric layers and it is 
made from a material that is conductive, such as tin 
oxide (SnO) or vanadium oxide (VO2), etc. It must be a 
material that can be crystallized by hydrothermal syn- 
thesis. 

[0041] Piezoelectric device 40 is made from crystals 
of a piezoelectric ceramic with, for instance, a per- 
ovskite structure, and is formed to a specific shape on 
diaphragm 30, In particular, piezoelectric thin film 43 of 
the present invention is crystallized by the hydrothermal 
method and therefore, crystal grains with a columnar 
shape (columnar crystal grains) either display [110] ori- 
entati n in the direction of film thickness, or they take on 



inconsistent rand m orientation in the direction of the 
crystals. For instance, these columnar crystal grains 
have a width parallel to the electrode film, that is. an 
average grain diameter, within a range of 100 nm t 

5 1 5,000 nm. The face of piezo lectric thin film 43 that will 
connect with top electrode layer 44 is smooth in com- 
parison to conventional hydrothermal treatment. For 
instance, maximum height of surface roughness is 20 
nm or less. It is characterized in that there is little sur- 

10 face roughness due to the fact that this hydrothermal 
method is used concomitantly with the sol-gel method. 
[0042] The composition of the piezoelectric thin film 
layers is, for instance, any piezoelectric ceramic 
selected from lead zirconate titanate (Pb (Zr. TOOs: 

IS PZT), lead lanthanum titanate {(Pb, La)Ti03), lead lan- 
thanum zirconate ((Pb, La)Zr03), lead lanthanum zirco- 
nate titanate ((Pb, La)(2r. TijOg: PLZT), or lead 
magnesium niobate zirconate titanate (Pb(Mg, Nb)(Zr, 
Ti)03; PMN-PZT). However, the present invention is 

20 characterized in Its production mettiod and the piezoe- 
lectric film layers are not limited to the afbrementioned 
composition. 

[0043] As shown in the middle of Fig. 1 , a character- 
izing point of the structure of the piezoelectric device of 

25 the present invention is that it comprises mixed layers 
that are mixtures of the compo6itk3n of two layers 
between each of these layers. For example, mixed layer 
512 is In between diaphragm layer 41 and bottom elec- 
trode layer 42. mixed layer 523 is in between bottom 

30 electrode layer 42 arxJ piezoelectric thin film layer 43. 
and mixed layer 534 is in between piezoelectric thin film 
layer 43 and top electrode layer 44. These mixed layers 
form interface areas where the crystal grains in the 
upper and lower layers are mixed together, as shown in 

35 the bottom of Rg. 1 , This mixed layer is formed by mix- 
ing the two conpositions together and promoting crys- 
tallization when the layers are laminated in an 
amorphous state in accordance with the production 
method described below. 

40 [0044] The printing operation will now be descrit)ed 
using ink jet recording he^ 1 with the aforementioned 
piezoelectric device 40. When drive signals Sd are out- 
put from control circuit 8. drive mechanism 6 is turned 
on and conveys paper 5 to where it can be printed by 

45 head 1. If spray signals Sh are not fed from control cir- 
cuit 8, voltage will not be applied to piezoelectric device 
40 between bottom electrode layer 42 and top electrode 
layer 44 and as a result, there will be no deformation of 
piezoelectric thin film layer 43. Therefore, there will be 

so no changes in pressure In cavity 21 where piezoelectric 
device 40 is placed when spray signals Sh are not fed 
and ink drops will not be sprayed from nozzle hole 1 1 . 
[0045] On the other hand, when spray signals Sh are 
fed from control circuit 8 and constant voltage is applied 

55 to piezoelectric device 40 between kx>ttom electrode 
layer 42 and top electrode layer 44, deformation of pie- 
zoelectric thin film layer 43 occurs. Diaphragm 30 will 
bend consid rabty in cavity 21 where piezoel ctric 



5 



9 



EP0969530A2 



10 



device to which spray signals have been fed is set up. 
Theretore, pressure instd cavity 21 instantly increases 
and ink droplets are sprayed from nozzle hole 1 1 . Spray 
signals Sh can be individually fed to piezoelectric 
devices where printing has be n perfonmed by fine 5 
heads making It possible to print any character or figure. 

(Description of productton methods) 

[0046] Next, the method of producing the piezoelectric 10 
device will be described together with the method of 
producing the Inkjet recording head. Fig. 2 Is cross sec- 
tion diagrams showing the process of producing this 
piezoelectric device. 

(00471 Process of diaDhraom laver formation (Hp g A) - 15 
The diaphragm layer formation process is the process 
whereby diaphragm layer 41 is fomied on silicon sub- 
strate 20. A thin long silicon substrate that has been 
formed for line printers is used as silicon substrate 20. 
Thickness is. for instance. 200 ^m so that height of the 20 
walls will not be too high. Diaphragm layer 41 Is formed 
t a thickness of. for instance. 1 jim. Conventional ther- 
mal oxidation, etc.. is used to produce the insulating 
layer. Furthermore, when zirconium oxide, etc., is used 
for the diaphragm, this sol can be applied to a specific 2S 
thickness and then crystallized by hydrothermat synthe- 
sis later. 

[0048] Pott om electrode laver fonnation process ^Fio. 
2B1: By means of the process of forming the bottom 

lectrode layer, bottom electrode layer 42 is formed on 30 
diaphragm layer 41. A sol for forming the bottom elec- 
trode layer is first made. This sol is produced by dissolv- 
ing tin chloride (SnCl2-H20) to a specific 
concentration, for Instance. 0.5 MmoW in ethanof and 
then doping it with zirconium Isqaropoxide (2r(0-l- 35 
C3H7)4) at a concentration of 1 to 2 mol% in terms of the 
tin. The method of producing the sol is not limited to the 
aforementioned method. 

[0049] Next the aforementioned sol is applied to dia- 
phragm layer 41 by any application method, such as 40 
spin coating, die coating, spray coating, roll coating, etc. 
For example, after applying the sol to a thickness of 2 
ftm by spin coating, the product is heated for a specific 
amount of time (for instance, 10 minutes) at a specific 
t mperature (for instance. 180*C) In order to evaporate 4$ 
the solvent The dry sol is then pyrolyzed for a specific 
amount of time (for Instance, 10 minutes) at a specific 
temperature (for instance. 300*^0) In order to further 
eliminate organic matter that has mixed In the metal ele- 
ments. The metal element Zr in the dopant acts to so 
improve conductivity of bottom electrode layer 42 that 
has been treated and formed. 

[0050] Piezoelectri c thin film laver fornration process 
(Rq. 2C): The piezoelectric thin film formation process 
is the process whereby a piezoelectric thin film layer ss 
made from several thin films is formed by repeatedly 
applying sol and then drying and pyrolyzing the sol. 
First a sol for the piezoelectric ceramic that will b th 



starting material for the piezo lectric thin film layer is 
made. For instance, using 2-n-butoxyethan I as the 
main solvent lead acetate trihydrate {Pb(CH3COO)2 • 
3H2O). titanium tetraisopropoxide fn{CH3CH2CH20)4). 
magnesium pentaethoxyniobium (Nb(OC2H5)5). tetra- 
niaropoxyzirconium iJ^lo-n-O^Hy)^) and magnesium 
acetate (Mg{CH3COO)2 • 5H2O) are dissolved in a sol- 
vent to which iminodiethanol has been added to pro- 
duce the piezoelectric sol. However, the method of 
produdng the sol is not limited to this production 
method. 

[0051 ] Next, the sol that has been produced as previ- 
ously explained is applied to bottom electrode layer 42 
to a specific thickness. Application can be performed by 
the aforementioned methods. For example, when spin 
coating is used, the sol is applied for 30 seconds at 500 
rpm, for 30 seconds at 1500 rpm and finally, for 10 sec- 
onds at 500 rpm. Each metal atom comprising the PZT 
will be dispersed as organic complex during the applica- 
tion stage. Once application Is completed, the product is 
dried for a specific time (for instance. 10 minutes) at a 
specific temperature (for instance. ISO'C). After drying, 
the product is pyrolyzed for a specific time (for Instance. 
10 minutes) at a specific tenperature (for instance, 
300*C) in air. Each process of application of sol drying 
and pyrolyzing is repeated several times, for instance. 
20 times, to build piezoelectric thin film layers 43 to a 
specific thickness (for instance, 2 pm) Multi-layering is 
done in order to prevent cracking while producing a 
thicker film, 

[0052] Tod electrode laver formation process IWm. 
2Q1: The top electrode formation process Is a process 
whereby top electrode layer 44 is formed on piezoelec- 
tric thin film layer 43. Using the same sol as used to 
form the aforementioned bottom electrode layer, sol Is 
applied to a specific thickness (for instance. 0.2 pm, by 
the same spin coating method as used for the bottom 
electrode formation process, etc. Moreover, the product 
is tiien dried and pyrolyzed as in the aforementioned 
bottom electo*ode formation process. 
[0053] Hvdrotherm ai svntiiesis process (Fia. 2E) : The 
hydrothermal treatment process is the process whereby 
crystallization of the aforementioned electrode layers 
and piezoelectric thin film layer are performed at tiie 
same time by heat treatment in a specific alkali solution. 
First, alkaline solution 101 is filled into tank 100 that is 
made so that pressure can be increased. The layer 
structure of the piezoelectric device tiiat has been ianv- 
nated by the aforementioned process Is immersed in 
tank 100 and crystallization is promoted under specific 
conditions in an autoclave. The treatment solution can 
be any of KOH, Ba(0H)2. a mixed solution of Ba(0H)2 
and Pb(0H)2 , or a mixed solution of KOH and Pb(0H)2 
as the solute when an alkaline solution Is used. This is 
because it has been confirmed that piezoelectric 
ceramk:s crystallize in these alkaline solutions. The 
concentration of the alkali solution is adjusted to a con- 
centration less than 2 Mmol/lit r. If th concentration 
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exceeds this concentration, the alkali will be str ng and 
may corrode the piezoelectric thin film lay r and sub- 
strate, etc. For instanc , the concentration is adjusted to 
0.5 Mmd/Ilter. The hydrothermal treatment temp rature 
is set at 100 to 200'C, If t mperature is 1 wer than this 5 
range, crystallization will not be promoted and H temper- 
ature is higher than this range, etching of the piezoelec- 
tric thin film layer and silicon substrate will occur. For 
Instance, treatment temperature is set at 140'*C. The 
pressure of hydrothermal treatment is set between 2 w 
kg/cm^ to 10 kg/cm^. If pressure is outside this range, 
good crystals will not be obtained. Pressure is set at for 
instance. 4 kg/cm^. The hydrothermal treatment time is 
between 10 minutes and 60 rranutes. If treatment time is 
shorter, crystallizatkan will not be complete and if the 75 
crystallization time is longer, there is a chance tinat the 
piezoelectric thin film layer and substrate will be eroded. 
For instance, treatmerrt time is set at 30 minutes. 
[0054] Crystallization of each layer is promoted by the 
aforementioned hydrotiiermal synthesis treatment. 20 
Each layer was laminated as is wttfiout being crystal- 
lized and therefore, there is a part at the interface 
between adjacent layers where the compositions of the 
two layers are mixed before this hydrothermal treat- 
ment. By submitting this mixed part to hydrothermal 2S 
syntiiesis, crystal grains of each composition are 
formed and. as shown in Rg. 1. mixed layers 523 and 
534 where tine crystal grains of both layers are finely 
distributed are formed. Mixed layer 512 is also formed 
when the diaphragm layer is formed by sol application. 30 
[0055] By means of the aforementioned process, the 
layer structure of the piezoelectric clement is com- 
pleted. Since heat treatment to promote crystallization 
is not necessary in any of the aforementioned produc- 
tion processes, the number of processes as a whole Is 35 
reduced. Therefore, cost is reduced. Moreover, piezoe- 
lectric device 40 that was produced by the aforemen- 
tioned production method has mixed layers between the 
layers and tiierefore. adhesion between layers is 
extremely high. Consequently, there is no peeling of the 40 
layers and the yield of the production processes is 
Improved. Moreover, there is no peeling between layers 
of the piezoelectric device that is the product and there- 
fore reliability is improved and life can be prolonged. 
[0056] In addition, in order to give the piezoelectric 4S 
device the desired shape, the layer structure made as 
described above is formed into the desired shape by 
etching, etc. . in accordance with the device in which the 
piezoelectric device will be used. By means of the 
present embodiment, the piezoelectric device is used so 
as the actuator of an ink jet recording head and there- 
fore, it will be furtiier treated by the process shown in 
the cross section in Fig. 3. 

[0057] Etchino process (R9. 3A): The etching prnnftRg 
is the process whereby piezoelectric device 40 is ss 
formed. First, aforementioned the piezoelectric thin film 
layer 43 of the aforem ntionedpi zoelectric device and 
top electrode layer 44 are masked so that they ar the 



sam shape as tiie cavity formed in pressure chamber 
substrate 20. Th n etching is performed ar und this 
mask to obtain piezo lectric device 40. For mor detail, 
r sist material of a uniform thickness is applied by th 
spinner method, spraying, etc. Then a mask is formed 
to the shape of the piezoelectric device and exposure 
and devefopment are perfomned to form a resist pattern 
on the top electrode layer 44. The mask is formed as 
needed, depending on whettier the resist material Is a 
positive resist or a negative resist. Moreover, top elec- 
trode layer 44 and piezoelectric thin film layer 43 is 
etched and removed by ion milling or dry etching, etc., 
which are normally used. Piezoelectric device 40 suita- 
ble for an ink jet recording head can be made as 
described atxsve. 

[0058] Pressure chamber formation process (Fig, 3BV 
The pressure chamber formation process is tiie process 
wheretjy cavity 21 is formed by etching on the other side 
of chamber pressure substrate 20 in which piezoelectric 
device 40 has been formed. For instance, anisotropic 
etching, anisotropic etching using an active gas, such 
as parallel plate-type reactive ion etching, etc., is used 
and etching of the space cavity 21 is periormed from tiie 
opposite side of tiie surface where piezoelectric device 
40 has been formed. The part that remains unetched 
becomes wait 22. 

[0059] Nozzle Plate aluino process rPig. 3C): The nn?- 
zle gluing process is the process whereby nozzle plate 
10 is glued with adhesive to silicon substrate 20 after 
etching. When glued together, each nozzle hole 11 is 
aligned so that it matches tiie empty space of each cav- 
ity 21. Finally, pressure chamber substrate 20 to which 
nozzle plate 10 is glued Is attached to tiie receptacle 
and Inkjet recording head 1 1s completed. 
[0060] Furthermore, when etching is performed on the 
nozzle plate and pressure chamber substrate as one 
unit, the process of gluing the nozzle plate is unneces- 
sary. This is because the pressure chamber substrate is 
etched to a shape so that it will serve as both the nozzle 
plate and the pressure chancer plate and the nozzle 
holes will in tiie end match the cavities. 

(Examples) 

[0061 ] A piezoelectric device with lead zirconate titan- 
ate {Pb(2r 0.56 Ti 0.44)03: PZT) as the piezoelectric tiiin 
film layers was made as Example 1 of the aforemen- 
tioned production method. Starting at tiie top. the layer- 
buitt stnjcture was top electrode layer SnO/piezoelectric 
tiiln film layer PZT^ottom electrode layer SnO/dia- 
phragm layer SiOg/pressure chamber substrate Si, Only 
the diaphragm layer was made by thermal oxidation. 
The rest of the layers were applied by spin coating. 
Crystallization of tiie electrode layer and the piezoelec- 
ti-ic thin film layers was eventually performed liy hydro- 
thenmal synthesis. 

[0062] Moreover, a piezoelectric device wher in, start- 
ing from th top. the layer-built structure was top elec- 
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trode f Om VOg/piezoeleclric thin film layer PZT/bottom 
electrode layer VCVdiaphragm layer SiO^/pressure 
chamber substrate Si was made as Example 2. By 
means of this exanrple, the composition of the top elec- 
trod layer and the bottom electrode layer ar different 5 
than the aforementioned SnO. Therefore, a sol was 
formed by dissolving triethoxyvanadyl {VO(OC2H5)3) 
and titanium tetraisopropoxide (Ti(Ch4cH2CH20)4) as 
dopant in ethanol in place of the aforementioned SnO 
s I. The sol appTication method, etc.. was the same as w 
for the SnO electrode layer formation method. 
[0063] Moreover, a piezoelectric device wherein, start- 
ing from the top, the layer-built structure was top elec- 
trode layer SnO^iezoelectric thin film layer PZT/bottom 
electrode layer SnO/diaphragm layer ZrO/pressure is 
chamber sutistrate SI. was made as Example 1. By 
means of this example, the diaphragm layer was made 
by sol application instead of thermal oxidation. The sol 
u ed to form the diaphragm layer was made by dissolv- 
ing tetra-n-propoxyzirconium (TI{CH3CH2CH20)4) in 2- 20 
n-butoxyethanol. The sol was repeatedly applied 10 
times by spin coating to a diaphragm layer thickness of 
1 nm. By means of the present example, the diaphragm 
layer was also formed from a sol and therefore, a mixed 
layer was also formed between the diaphragm layer and 25 
the bottom electrode layer. 

[0064] By means of the aforementioned example, 
application was mainly by spin coating during the pro- 
duction processes and therefore, the method required 
fewer production equipment than conventional meth- 30 
ods. Moreover, the only heat treatment was one hydro- 
thermal treatment and therefore, the number of 
processes was reduced. Moreover, none of the film deg- 
radation due to repeated heat treatment that is seen 
with conventional methods was observed, proving that 3S 
the production method of the present invention effi- 
ciently improves reliability. 

(Advantages) 

40 

[0065] 

a) By means of the present embodiment, almost all 
of the layers comprising the piezoelectric device are 
formed by application and therefore, there is no 4S 
need to use many pieces of production equipment 
and a reduction in cost can be expected. 

b) By means of the present embodiment, heat treat- 
ment is not applied every time a layer is formed. 
Hydrothermal synthesis treatment is performed so 
once leorering is completed and therefore, there is a 
reduction in the number of production processes 
and a reduction in cost can be expected. 

c) By means of the present embodiment, the entire 
unit is crystallized all at once after each layer has ss 
been laminated before crystallization and therefore, 
ther is a mixed lay r where the compositions of 
two layers are mixed together between each layer. 



The aystals contained in the two layers ar imri- 
cately intertwined in tNs mixed layer and as a 
result, adhesfon between the layers is good and 
there Is no peeling, etc. Consequentiy, yield is good 
during production and a reduction in cost can be 
expected. Moreover, as a product reliabiiity is good 
and life is long. 

d) By means of the present entjodiment, high-tem- 
perature heat treatment is not performed for the 
hydrothermal synthesis treatment and therefore, 
elements of the bottom electrode will not diffuse 
into the piezoelectric thin film and degradation of 
piezodectrtc device properties can t^e prevented. 

e) By means of the present entoodiment. high-tem- 
perature heat treatment is not performed and there- 
fore, there are no changes in properties and 
tinermat sti-ess is not applied to any of the films and 
reliability of the piezoelectric device and ink jet 
recording head can be improved. 

f) By means of the present embodiment, high-tem- 
perature heat treatment is not necessary and there- 
fore, the incidence of detects is low. Therefore, cost 
can be reduced. 

g) By means of the present embodiment, little inter- 
nal stress (including thermal stress) is produced 
because high-temperature heat treatment is not 
performed and therefore, even when a piezoelectric 
device with a large surface is produced, cracking 
will not occur. That is. an ink jet recording head that 
is suitable for targe surface area printing equv)ment 
such as line printers, etc., can be presented. 

(Embodiment 2) 

[0066] The present embodiment of the present inven- 
tion pertains to a piezoelectric device with a layer-built 
structure as a so-called bimorph. Rg. 4 shows a cross 
section tiiat describes tine layer-built sti-ucture of tiie pie- 
zoelectric device of the present embodiment The cross 
section is an enlarged view of the cross section of one 
piezoelectric device from the layer structure as seen 
from A-A in Fig. 6. The parts of the layer structure that 
are the same as in aforementioned Embodiment 1 are 
represented by the same symbol and tiieir description 
here is omitted. 

[0067] However, piezoelectric device 40b of tiie 
present embodiment further comprises middle layer 45 
and piezoelectric thin film layer 46 between piezoelec- 
tric thin film layer 43 and top electrode layer 44, as 
shown in Fig. 4. This type of layer-built structure is gen- 
erally called a bimorph and has the effect of diffusing 
strain. 

[0068] Middle layer 45 is made by the same composi- 
tion and production method as used for bottom elec- 
trode layer 42 and top electrode layer 44. For Instance, 
it can be made from SnO or VO2. Piezoelectric tiiin film 
layer 46 can be the sam aspiez electric thin film layer 
43. or it can hav a different composition and a differ nt 
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film thickness. 

[0089] Mixed layer 535 is made between piez electric 
thin film layer 43 and mlddl lay r 45. mixed layer 556 is 
made between middle layer 45 and piezoelectric thin 
film layer 46. and mixed layer 564 is made between pie- s 
zoelectrlc thin film layer 46 and top electrode layer 44. 
These mixed layers are layers where crystals from the 
two layers sandwiching this mixed layer are mixed 
together, as explained in aforementioned Embodiment 
1. Thickness of the mixed layer can be the same as io 
explained in aforementioned EmtxxJiment 1 . 
[0070] The process used to produce piezoelectric 
device 40 with the aforementioned layer-built structure 
can also be in accordance with aforementioned Embod- 
iment 1 . However, once the sol for piezoelectric thin film is 
layer 43 has been applied and dried and pyrolyzed, mid- 
dle layer 45 is formed by the same method as used for 
the ioQ electrode in place of the top electrode layer 
After middle layer 45 is formed, piezoelectric thin film 46 
is further formed by the same method as used to form so 
piezoelectric thin film layer 43. The hydrothermal syn- 
thesis process can be the same as used in aforemen- 
tioned Embodiment 1. By means of this production 
process, each layer is laminated before crystallization 
and the ntaterials in the two layers are mixed, after 2S 
which crystallization is promoted by hydrothermal syn- 
thesis and therefore, production processes can be omit- 
ted and cost can be reduced. Adhesion between the 
layers is high because a mixed layer is present in 
between each layer and as a result, there is little peeling 3o 
of layers. Consequentiy, yield can be improved during 
the production processes and reliability of the product 
can be improved and its life can be prolonged. 
[0071] Furthemiore. the present invention is not lim- 
ited to tiie aforementioned layer structure, and it can 35 
have nwre layers. That is, by means of the aforemen- 
tioned embodiment, there are 2 piezoelectric thin film 
layers, but there can be 3 or more layers. The electrode 
layers, including the middle layer, are increased by 1 
layer every time the piezoelectric thin film layer is 4o 
Increased by one layer. In the end, there are n + 1 elec- 
trode layers when there are n number (n is a natural 
number) of piezoelectric thin film layers. The method of 
atorementioned Embodiment 1 can be repeatedly used 
as the production method 4S 

(Other modified examples) 

[0072] The present invention can be altered from the 
aforementioned embodiments and used. For instance, so 
the aforementioned embodiments have dealt with pie- 
zoelectric devices as functional thin film, but they are 
not limited to these functional thin film and tiie present 
invention can be used with a general thin film structure 
with a specific function that is several thin films. Since ss 
there Is a mixed layer between layers of different com- 
ponents, adhesion between two layers is extr mely high 
and there is no peeling at the int rface. Ther fore, even 



if stress is applied to a thin film that is curved, the layer 
structure will remain intact and a functi nal thin film witii 
high reliability that can r sist changes ov r th years 
can be presented. 

[0073] Moreover, the method of producing the func- 
tional thin film uses tiie method whereby the compo- 
nents of two layers are diffused by heat treatment to 
make a mixed layer wherein the components of the two 
layers are formed, etc. 

[0074] The piezoelectric device used P2T, but it is also 
possible to crystallize other fen^oelectric piezoelectric 
ceramics by hydrothermal methods. 
[0075] The piezoelectric device made by the present 
invention can be used is not only a piezoelectric device 
for the aforementioned Inkjet recording heads, but can 
also be used in the production of ferroelectric equip- 
ment, dielectric equipment, pyroelectric equipment, pie- 
zoelecti^tc equipment, and photoelectric equipment, 
including nonvolatile semiconductor memory devices, 
tfiln film capacitors, pyroelectric detectors, sensors, sur- 
face acoustic wave optical guide tubes, optical memory 
devices, space optical modulators, diode laser fre- 
quency multipliers, etc. That is, the piezoelectric device 
of the present invention can have an increased surface 
area, making cost reduction possible. Moreover, it can 
be used for purposes not seen with conventiorml prod- 
ucts and conventional functfons can be presented less 
expensively. 

[0076] By means of the present invention, ttiere is a 
mixed layer that is a mixture of aystal structures 
between each of tiie layers and therefore, adhesion 
between layers is improved. Consequently, Avery relia- 
ble, long-life functional thin film, piezoelecfic device, 
and ink jet recording head and printer can be presented. 
[0077] Moreover, by means of tiie present invention, 
the only process necessary for crystallization is hydro- 
tiiermal synthesis, which is performed after many layers 
have been laminated and therefore, there are fewer total 
production process tiian with conventional methods. 
Consequentiy, it is possible to resent a method of pro- 
ducing piezoelecti-ic devices and Inkjet recording heads 
of reduced production cost. 

[0078] The entire disclosure of Japanese Patent Appli- 
cations No. 10-186679filed on July 1. 1998 and No. 1 1- 
163867 filed on June 10. 1999 including specification, 
claims, drawings and summary are incorporated herein 
by reference in Its entirety. 

Claims 

1. A functional thin film comprises a mixed layer, 
wherein the components of thin film layers made 
from different components are mixed, between tiie 
thin film layers formed from these respective com- 
ponents. 

2. A piezoelectric device comprises at least one pie- 
zoelectric thin film layer and at least 2 electrode lay- 
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ers. and a mixed layer wher in the components of 
said lay rs that ar adjacent t on another are 
mixed is formed between thes respective layers. 

3. A piezoelectric device according to Claim 2. s 
wherein it further comprises at least one diaphragm 
layer, and a mixed layer where the components of 
said diaphragm layer and said electrode layer adja- 
cent to the diaphragm layer are mixed is formed 
between these respective layers. io 

4. A piezoelectric device according to Claim 2. where 
the thickness off said mixed layer is 5 nm or thicker. 

5. A piezoelectric device according to Qaim 2. is 
wherein the metal alkoxide comprising said piezoe- 
lectric thin film layer is any piezoelectric ceramic 
selected from lead zirconate titanate {Pb(Zr.Ti)03: 
PZ7), lead lanthanum titanate ((Pb, La)Ti03), lead 
lanthanum zirconate ((Pb, La)Zr03). lead lantha- 20 
num zirconate titanate ((Pb, U)(Zr. 11)03: PLZT). or 
lead magnesium niobate zirconate titanate (Pb(Mg, 
Nb) (Zr, TOQa: PMN-PZT). 

6. A piezoelectric device according to Claim 1 or 2s 
Claim 3 comprising 2 or more of said piezoelectric 
thin f 3m layers and 3 or more of said electrode lay- 
ers and wherein at least one of said piezoelectric 
thin film layers is sandwiched between said elec- 
trode layers. 30 

7. An ink jet recording head, characterized in that the 
piezoelectric device of an ink jet recording head 
comprising the piezoelectric device according to 
any one of Claim 2 or Claim 3 acts as a pi^oelec- 3S 
trie actuator for spraying ink. 

8. A printer, characterized in that It comprises an ink 
jet recording head according to Claim 7 as the print- 
ing means. 40 

9. A method of producing a piezoelectric device com- 
prises at least one piezoelectric thin film layer and 
at least 2 electrode layers, and in that it conprises 

45 

a process whereby amorphous piezoelectric 
thin film layers, which are the amorphous sate 
of each of said piezoelectric thin film layers, are 
formed. 

a process whereby amorphous electrode lay- so 
ers. which are the amorphous sate of each of 
said electrode layers, are formed, and 
a process whereby after each of said amor- 
phous piezoelectric thin film layers and each of 
said amorphous electrode layers are lami- ss 
nated, said amorphous piezoelectric thin films 
and said amorphous lectrode layers are crys- 
tallized by hydroth rmatsynth sis. 



10. A method of producing a piezoelectric device 
according to Claim 9. which is a method of produc- 
ing a piezoelectric d vie further comprising at 
least on diaphragm layer that further conprises a 
process whereby an amorphous crystalline dia- 
phragm layer, which is the amorphous state of said 
diaphragm layer, is formed and after each of said 
amorphous piezoelectric thin film layers and each 
of said amorphous electrode layers, as well as said 
amorphous diaphragm layers, are laminated, said 
amorphous diaphragm layer, said amorphous pie- 
zoelectric thin film layer and said amorphous elec- 
trode layer are crystallized by said hydrothermal 
synthesis process. 

11. A method of producing a piezoelectric device 
according to Claim 9. wherein the process whereby 
said amorphous piezoelectric thin film layer is 
formed comprises a process whereby a precursor 
made from an organic metal solution is applied by 
the sol-gel method, the MOD method, or coprecipi- 
tation and the process whereby said precursor is 
dried and pyrotyzed. 

12. A method of producing piezoelectric devices 
according to Claim 11, wherein by means of the 
process of drying and pyrolyzing said precursor, 
said precursor is dried at 150 to 200'*C and the dry 
precursor is then pyrolyzed at 300*C to 500*0. 

13. A method of producing a piezoelectric device 
according to any one of Claim 9 or Claim 10, 
wherein by means of said hydrothermal synthesis 
method, said precursor that has been pyrolyzed is 
Immersed in a specific alkaline solution and crystal- 
lization is promoted under specific conditions. 

14. A method of producing a piezoelectric device 
according to Claim 13, wherein said alkaline solu- 
tion con^^rises any of KOH. Ba(0H)2. Ba(0H)2 + 
Pb(0H)2 or KOH + Pb (OH)2. 

15. A method of producing a piezoelectric device 
according to Claim 13. wherein the specific condi- 
tions for said hydrothermal synthesis process are a 
temperature of 100 to 200''C and a pressure of 10 
atmospheres or less. 

16. A method of producing a piezoelectric device 
according to any one of Claim 9 or Claim 10, 
wherein the process whereby said amorphous pie- 
zoelectric thin film layer is formed is repeated at 
least twice and the process wrhereby said amor- 
phous electrode layer is formed is repeated at least 
3 times to produce a structure where said amor- 
phous piezoelectric thin film layer Is sandwiched by 
said amorphous electrode layers. 
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17. A method of producing an \rk jet recording head, 
which Is a method of producing an Inkjet recording 
head comprising a piez iectric device produced 
by a method according to any ne of Claims 9 
through 16 and which comprises 

a process whereby a diaphragm is formed on 
one side of a substrate, 

a process whereby said piezoelectric device Is 
formed on said diaphragm, and 
a process whereby said substrate is etched 
such that the diaphragm with said piezoelectric 
device will form one side of said pressure 
chamber to form said pressure chamber. 
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